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Abstract. This paper presents a laboratory study to investigate the lubrication induced by particles 
deposited on road surfaces which is responsible for the increase of accidents at the first rain after a 
long dry period. Particles are extracted from sediments collected at a catchment area and 
characterized by their chemical composition and size distribution. Protocol to simulate the particle 
deposit on the road surface and their compaction by the traffic is described. The test program 
includes variables such as particle concentrations, particles’ size fractions and surface textures. Dry 
friction tests are conducted using the Skid Resistance Tester which simulates the sliding friction 
between a rubber slider and the test surface. Friction is lowered when the surface is covered by 
particles, compared with a clean surface. Repeated passages of the slider induce an increase of 
friction coefficient until reaching a stable value. Particles’ flows during a friction run are separated 
into those ejected from the sample, those stored by the surface macrotexture and those that stay on 
the test surface; this study demonstrated that the friction coefficient is closely related to the quantity 
of particles available on the test surface. SEM analysis shows on the other hand that these particles 
are mainly trapped by the surface microtexture. Similar behavior between fine particles and powder  
in terms of lubrication mechanisms is observed.  
 
 
 
1. Introduction 
Previous studies showed that the occurrence of road accidents is statistically high at the first rain after a 
long dry period. Eisenberg (2004) found a significantly increasing crash risk with the number of dry days 
since the last rain. This excess risk is generally attributed to the accumulation of fine particles on the road 
surface. This contamination is due to both non-exhaust emission of traffic (tires, brakes, etc.) and vegetation 
debris. Egodawatta (2007) observed that particle’s build-up is a function of the number of dry days and 
other weather conditions such as wind characteristics, traffic, etc. Shakely et al. (1980) found on the other 
hand that the tire/road friction decreases with increasing dust concentration.  
 
Despite the above observations, the link between particles deposited on road surfaces and the tire/road 
friction is not well established, mainly due to a lack of understanding of involved mechanisms. At a 
microscopic scale it has been highlighted, in the case of metallic wheel/rail contact (Descartes et al 2008), 
that contaminants affect surface properties, adhesion or electrical insulation, and possibly damage or 
protect the contacting surfaces; thus they have a significant effect on the contact behavior. Heshmat (1993) 
has demonstrated that solid particles can form load-carrying lubricant films which exhibit a behavior 
resembling that of fluid films. Mills et al (2009) studied friction on dry floors covered by particulate 
contaminants and stated that there is a critical size of the particles (around 50-60 µm) above which 
lubrication between a shoe’s sole and the floor is due to particles rolling one on the other and below which 
shearing of the particles’ layer (formed from particles’ cohesive forces) is predominant. The floor surface 
roughness can trap particles and contributes to the shearing of the particle layer (Mills et al 2009).  
 
In a previous study (Hichri et al 2017a), a test protocol to assess dry friction on road surfaces contaminated 
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by particles was developed. These authors showed that particles lubricate the tire/road interface and 
confirmed the particles trapping – as a lubrication mechanism – stated by Mills et al (2009). In this paper, 
efforts have been continued to assess the effect of influential factors such as the road surface texture and 
the particles’ size and concentration. From friction tests performed on surfaces with different textures and 
covered by particles of different concentrations and sizes, the particles’ flows at the tire/road interface are 
deduced using the third body concept.  
 
2. Experiments 
 
2.1. Test samples 
Two aluminum rectangular slabs (surface of 130mm  80 mm ≈ 0.01m2) are used. A surface roughness 
similar to that of a road surface is obtained by sandblasting the surface with corundum particles (diameter 
superior to 2 mm) to create the microtexture (surface irregularities whose dimensions are below 0.5 mm 
horizontally and vertically) and grooving to create macrotexture (surface irregularities whose dimensions 
range between 0.1 mm and 20 mm vertically, and between 0.5 mm and 50 mm horizontally). One slab is 
sandblasted (Fig. 1a), named “Sandblasted” in the paper, and the other is sandblasted and grooved (Fig. 1b), 
named “Chocolate”. Sq for Sandblasted and Chocolate is respectively 13.6µm and 13.9µm (mean of Sq 
values calculated from three areas of 5mm  5mm). Grooves have a triangular shape (2 mm in width at its 
basis and 1 mm in depth). It creates a grid with regular squares of 10 mm aside. 
 
a)  
b)  
 
Figure 1. “Sandblasted”  (a) and  “Chocolate” (b) slabs. 
 
2.2. Particles collection and characterization 
Particles are collected at the catchment area of Cheviré bridge with 90,000 vehicles daily (8.5% of trucks) 
(Figure 2). Runoff water from the South part of the bridge is discharged to this area. Collecting particles 
using a vacuum machine, as practiced in previous studies (Vaze and Chiew 2002, Wilson 2006), would be 
an appropriate option but it would provide too small quantity of particles for laboratory tests. 
 
130 mm
80 mm
15 mm
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Figure 2. Particles’ collection site (Hichri et al., 2017b) 
 
The sediments extracted from the catchment area are dried at 40°C during four days and sieved to keep only 
particles smaller than 100 µm that affect surface properties and friction (Descartes et al 2008, Arias-Cuevas 
et al 2010). SEM (Scanning Electron Microscopy) observations of particles show that they exhibit various 
shapes and sizes. Moreover, particles mainly contain silica and metallic elements that can be due  to the 
wear of braking system and tires (Fig. 3). Na, K and Mg elements could come from industrial sites located 
in the neighborhood of the bridge. 
 
Dried particles are sieved to obtain four size fractions: 0-40µm, 40-50µm, 50-80µm, 80-100µm. Values are 
chosen with respect to the critical size (around 40 to 50µm) separating “fine” (0-40µm and 40-50µm) and 
“coarse” (50-80µm and 80-100µm) particles’ families (based on Mills et al (2009) analyses).  
 
  
Figure 3. Chemical composition for different size fractions of particles  
 
2.3. Particles arrangement on the surface 
For each particle size fraction, three quantities of 0.1g, 0.2g and 0.4g of dry particles are laid on the test 
surfaces, which represent respectively 10g/m², 20g/m² and 40g/m² in concentrations. The 20g/m² 
concentration is representative of the amount of particles in urban areas (Vaze and Chiew 2002, Deletic 
and Orr 2005) and the two other represent limit values.  
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a)  
b)  
c)  
 
Figure 4. Particles’ arrangement protocol (a: spreading; b: compaction; c: surface with particles) from 
(Hichri et al., 2017b). 
 
Particles are spread manually on the slabs (Fig. 4a) and then compacted (simulation of vehicular traffic) 
by means of a wheel mounted on a metallic arm (Fig. 4b). Compaction is performed through 60 repeated 
passes of the wheel. This protocol allows obtaining a homogenous distribution of the particles. Figure 4c 
shows a slab covered by particles. 
 
2.4. Friction tests 
Friction tests are performed by means of a Skid Resistance Tester Pendulum (Fig. 5), which is well-known 
in civil engineering field to assess skid resistance in laboratory and on real road. The Pendulum is composed 
of an articulated arm equipped at its end with a rubber pad, which slides on the test surface. When the arm 
is released from its initial horizontal position, it moves up to a height where values on a graduated scale can 
be read and correspond to a friction coefficient. The test is standardized (CEN 2009). 
 
 
Figure 5. Skid Resistance Tester Pendulum 
 
2.5. Test protocol 
Graduated 
scale
Rubber 
slider
Articulated arm 
(horizontal position)
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The test protocol follows the following steps: 
 On dry and clean surfaces (step numbered 0): measurement of 3D height cartographies and friction 
coefficient; weighing of the sample (mass m0). 
 Particles arrangement (see 2.3).  
 On surfaces covered by particles (step numbered i, i  1): friction measurement; weighing of the sample 
before/after friction measurement. 
 When the friction coefficients recorded at three successive steps do not differ more than ± 0.01, stop the 
series.  
 
At each step, only one run is performed for friction measurement. This is due to the fact that the distribution 
of particles evolves at each friction run. Nevertheless, to assess the repeatability of the test method, some 
test series were repeated and it was found that values of the friction coefficient at every step are very 
repeatable (coefficient of variation – ratio standard deviation/mean – less than 4% at each step) (Hichri et 
al 2017a). 
 
A new rubber pad is mounted on the Skid Resistance Tester for each test series. The rubber is carefully 
wiped after each friction measurement to limit the contamination of the pad. A high resolution optical 
sensor, called Infinite Focus, based on the focus variation principle is used to capture 3D images from 
which surface texture profiles or cartographies are extracted. 3D cartographies are measured on areas of 
5mm x 5mm in dimensions, located at the center and at the two extreme ends of the specimen (where the 
friction slider respectively touches and leaves the test surface). A lens enabling 20 times magnification is 
used for the capture. The vertical resolution of the sensor is 50 nm. Analyses are performed using the 
Mountains Map® software. Non-measured points are first replaced by values of neighbor points. A low-
pass filter is then used to remove the form of the surface. Finally, the cartography is levelled using a least-
square plane. Texture parameters are then calculated on the extracted profiles. SEM observations are made 
in the same areas. 
 
2.6. Calculation of the mass of particles  
The mass loss of the rubber pad during a series of friction measurements is negligible (few milligrams) 
compared with the initial mass of particles (hundreds of milligrams). Moreover, the clean sample exhibits 
the same weight at the beginning and end of each test series. Thus, the amount of detached particles from 
the two contacting bodies (slider and sample) is negligible. It is assumed in the rest of the paper that the 
mass of the particles matches the difference in weight between contaminated and clean states.  
 
The mass of particles at step (i) can be then calculated as follows:  
 
mparticles,i = mspecimen,i −  mspecimen,0  (1) 
where mparticles,i is the mass of particles at step (i);  mspecimen,i  is the mass of the specimen at step (i); 
mspecimen,0  is the mass of the clean specimen. 
 
3. Results 
 
3.1. Variations of friction and mass of particles 
Variations of friction coefficient on “Sandblasted” and “Chocolate” surfaces are provided in figure 6. It can 
be observed that the friction coefficient on contaminated surfaces (steps i; i ≥ 1) is always lower than that of 
a clean surface (step 0). The friction coefficient increases with the number of friction runs and reaches a 
stable value. 
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Figure 6. Friction coefficient evolution on “Chocolate” and “Sandblasted” contaminated surfaces 
 
The final value of friction coefficient is close for the two surfaces (0.82 and 0.80 in average for respectively 
Sandblasted and Chocolate). However, the evolution is more rapid for Chocolate than for Sandblasted.   
 
Figure 7 shows that the mass of particles decreases when the friction coefficient increases. According to Mills 
et al (2009), a shear effect due to the slider induces a reduction of the particles layer thickness  until the surface 
asperities emerge and restore direct contact between the slider and the surface. A decrease of particles’ mass 
increases then the slider/surface contact area and explains the friction increase.  
 
  
Figure 7. Friction coefficient and particles mass evolution during a friction test (Sandblasted surface; 20g/m2; 
fraction 0-40µm) 
 
3.2. Effect of surface texture 
 
3.2.1. Particles trapping by the surface microtexture 
SEM observations show that the surface coverage by particles decreases after successive passages of the 
friction slider. In addition, the particles that remain on the surface are those trapped by the surface valleys; it 
would be difficult to remove these particles, which then continue to lubricate the interface and induce lower 
friction compared with a clean surface.   
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a)  
b)   
Figure 8. SEM captions of a) the surface recovered by particles and b) the surface after 5 friction runs 
 
3.2.2. Particles storage by the surface macrotexture 
In figure 9, a sharp increase of friction on the Sandblasted surface can be observed for small quantity of 
particles (mass of particles around 0.03g). According to Heshmat (1993) who studied the powder lubrication, 
the sharp increase of friction can be due to the depletion of particles until the point where direct contact is 
established between the two first bodies (considering powder as a third body).  
 
 
Figure 9. Friction coefficient evolution as a function of mass of particles (20g/m2; fraction 0-40µm) 
 
A horizontal shift can also be seen between the two studied slabs, which means that different amount of 
particles generate the same friction coefficient! The explanation can be found in the presence of the grooves 
on the Chocolate slab, which store part of the weighed particles and, yet, do not contribute to the contact. 
Therefore, to be comparable, weighing results of Chocolate must be corrected to remove the mass of particles 
stored in the grooves. 
 
sample
particles
remaining
particles
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3.3. Mass analysis 
Fillot et al (2007) demonstrated that the analysis of the wear-induced particles’ mass can help to understand 
particles’ flows inside the contact. Given the similarities between Fillot and coauthors’ study and this study 
(movement of dry particles trapped between two rubbing surfaces), it is proposed to adopt the same approach 
to better interpret friction variations. 
 
3.3.1. Modeling and analysis of particles’ flows 
Two particles’ flows can be defined in the contact area (Fig. 10):  
 
1) Ejection flow, which is composed of particles ejected from the contact area and those falling into the 
grooves; 
2) Circulation flow, which is composed of particles retained by the surface valleys. 
 
For friction analysis, only the circulation flow is of interest. However, weighing includes this flow and particles 
stored in the grooves. Therefore, a model is developed to isolate the circulation flow in the weighing.   
 
 
 
 
Figure 10. Particles’ flows in the rubber pad/surface contact area (from Hichri et al., 2017c) 
 
In figure 11 right, particles layer on Chocolate slab at run (i-1) is illustrated (mass mi-1). At run i (Fig. 11 left), 
the extra  quantity of particles falling into the grooves is supposed to represent a fraction k (0 < k < 1) of mi-1. 
It is assumed furthermore that k remains constant during a test series (for a given particles’ concentration and 
size fraction).  
 
 
 
Figure 11. Quantity of particles falling into the grooves  (from Hichri et al., 2017c) 
 
For run i (i  2), one gets: 
 
mparticles,i = mparticles,i 
surface + mparticles,i
groove
 (2) 
mparticles,i
groove
= mparticles,i−1  
groove
+  k mparticles,i−1
surface  (3) 
Where mparticles,i is the weighed mass of particles at run (i); mparticles,i 
surface  is the mass of particles on the surface 
at run (i); mparticles,i
groove
 is the mass of particles in the grooves at run (i); and k is the fraction of extra particles 
falling into the grooves. 
Ejection flow -
Particles removed
definitely
Ejection flow -
Particles falling into
the groove
Circulation flow -
Particles retained by 
the surface valleys
Friction slider
Particles layer 
after arrangement
mi-1
k.mi-1
run i-1run i
mi-1
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For run 1, the amount of particles in the grooves is supposed to be: 
 
mparticles,1
groove
= k mparticles,1 (4) 
 
It is therefore possible to estimate the quantity of particles in the grooves mparticles,1
groove
 at run 1 (Eq. 4) and at 
the surface mparticles,1
surface  (𝑚𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠,1
𝑠𝑢𝑟𝑓𝑎𝑐𝑒
= mparticles
total − mparticles,1
groove
). These quantities are then used to estimate the 
quantity of particles in the grooves at run 2 (mparticles,1
groove
) (Eq. 3), from which the quantity of particles at the 
surface at run 2 (mparticles,1
surface ) can be deduced (Eq. 2). The calculations at run 2 can be repeated for the following 
runs. 
 
3.3.2. Estimation of mass of particles stored by the surface macrotexture 
As the microtexture of Sandblasted and Chocolate slabs is similar (Sq are respectively 13.6µm and 13.9µm – 
see 2.1), it is assumed that the same mass of particles from the circulation flow provides the same friction 
coefficient. A criterion to determine k is then the superposition of the two sets of points in figure 8. 
 
Results are illustrated in figure 12. Figure 12a shows results for uncorrected and corrected masses of particles 
for the Chocolate. Figure 12b compares data from the slab with corrected mass for the Chocolate. Adjusted 
values of k are presented in table 1. 
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Figure 12. Friction coefficient evolution as a function of corrected and uncorrected masses of particles 
(20g/m2; fraction 0-40µm) 
 
Table 1. Adjusted k factor for different particles’ concentrations and fractions. 
Fraction Concentration 
 10 g/m2 20 g/m2 40 g/m2 
0-40 µm 0.10 0.09 0.09 
40-50 µm 0.10 0.08 0.18 
50-80 µm 0.18 0.25 0.20 
80-100 µm 0.35 0.08 0.29 
 
Values of k mean that between 8% and 35% of particles at the surface fall into the grooves at each friction run. 
Regarding the size of the grooves (44mm2) and the tablet area (100mm2), the ratio between them is 0.44. It 
means that, in maximum, 44% of particles can fall into the grooves. This calculation should be refined but it 
shows that the adjusted values of k are in the order of what could be expected. 
 
 
Figure 13. Dimensions of the tablets and the grooves  
 
In figure 14, if one considers the k value of combination (concentration 20 g/m2, fraction 80-100µm) as 
unusual, it could be said that k increases for increasing particles’ size, meaning that more coarse particles are 
expelled by the friction slider from the slider/surface contact area. This trend can be explained by analysis of 
Mills et al (2009) following which, on the one hand, particles of less than 50µm in size tend to stick one to the 
other due to cohesive forces and, as a consequence, form a layer and, on the other hand, particles bigger than 
50µm tend to roll one on the other. The consequence of these two mechanisms is that it would be more difficult 
to expel fine particles (< 50µm) than coarse ones (> 50µm), explaining the resulted values of k.  
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Figure 14. Variation of k factor for different particles’ concentrations  
 
3.4. Relationship between friction and mass of particles 
 
3.4.1. Effect of particles’ size 
Figures 15a and 15c show variations of the friction coefficient with the number of friction runs at different 
particles’ sizes for the two studied surfaces. For both surfaces, it can be seen that at a given step the friction 
coefficient increases with increasing particles’ size. For fraction 80-100µm, values of friction coefficient at 
stabilization are close to value at the beginning (clean state). For fraction 0-40µm, values of friction coefficient 
at stabilization (around 0.8) are well below value at the beginning (around 1.05). These observations are a 
consequence of the particles’ flows analyzed in the previous section. Actually, coarse particles are easily 
expelled by the rubber slider and the surface is cleaned more rapidly. Inversely, fine particles are trapped by 
the surface microtexture or form a layer and it is thought that the surface contamination will last longer. 
 
a)  b)  
c)  d)  
Figure 15. Variation of friction and mass of particles for different particles’ sizes  
 
In figures 15b and 15d, friction coefficient is plotted against mass of particles (same friction data as in figures 
14a and 14c respectively). It can be observed that the effect of particles’ size is no more visible using this 
presentation. Based on analyses made by Mills et al (2009) on the size-dependent lubrication induced by 
particles (rolling for coarse particles and shearing for fine ones), one could expect some differences between 
the four fractions. Further understanding of particles’ interactions would help to explain the obtaining of this 
master curve. 
 
3.4.2. Effect of particles’ concentration 
In figures 16a and 16c, variations of the friction coefficient with the number of friction runs at different 
particles’ concentrations for the two studied surfaces are shown. For fraction 0-40µm, it can be seen that the 
friction recovering is longer for concentration 40g/m2 compared with the two other concentrations. For fraction 
80-100µm, this trend is confirmed but values of friction coefficient at stabilization are higher for concentration 
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20g/m2 compared with 10g/m2. No satisfactory argument is found to explain this difference.  
 
a)  b)  
c)  d)  
Figure 16. Variation of friction and mass of particles for different particles’ concentrations  
 
In figure 16b and 16d, friction coefficient is plotted against mass of particles (same friction data as in figures 
16a and 16c respectively). It can be observed that the effect of particles’ concentration is no more visible using 
this presentation. 
 
4. Conclusions 
The lubrication of tire/road interface induced by particles deposited on the road surface was investigated in 
laboratory. Particles of different sizes (fractions of 0-40µm, 40-50µm, 50-80µm and 80-100µm) were spread 
at different concentrations (10g/m2, 20g/m2 and 40g/m2) on two surfaces having the same microtexture (Sq of 
13.6µm and 13.9µm respectively) with and without macrotexture (simulated by grooves) respectively. The test 
protocol helps to evaluate the variation of friction coefficient, measured by a so-called Skid resistance tester 
Pendulum, as well as mass of particles with successive passes of the Pendulum’s rubber slider simulating 
sliding of tire tread blocks on a road surface. 
 
The effect of surface texture has been observed through two mechanisms: a trapping of particles by the 
roughness of surface microtexture and a storage of particles by the “reservoirs” created by surface 
macrotexture. The first mechanism induces continuing contamination of the road surface and a lower friction 
coefficient compared with a clean surface. The effect of the second mechanism is not clearly understood but it 
can be thought that stored particles can be entrained by the tire to the road surface and contaminate it (this 
mechanism can be studied in the future).  
 
Particles smaller than 40µm can be trapped by surface microtexture or form a layer; by this fact, they are not 
easily expelled from the contact. Fractions higher than 40µm in size are less affected by the trapping 
mechanism and more easily expelled from the contact (ejected from the sample or stored by surface 
macrotexture). The consequence of this size effect is that friction recovering (the way friction coefficient of 
contaminated surfaces tends toward that of a clean surface) is slower when particles are smaller than 40µm. 
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The effect of particles’ concentration is less visible even if a slower friction recovering was observed for the 
highest concentration (40 g/m2).   
 
Particles’ flows inside the contact were modeled and a method was proposed to correct particles’ weighing to 
analyze only the mass of particles present on the test surfaces. Within the frame of conducted experiments, it 
was observed that the friction coefficient decreases when the mass of particles increases. The striking point is 
that when friction coefficient is plotted against mass of particles, a master curve is obtained, regardless the 
particles’ size and concentration. 
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